ABSTRACT: Ten years after the first discovery of the chytrid pathogen Batrachochytrium dendrobatidis (Bd), the catastrophic effect of Bd on wild amphibian populations is indisputable. However, a number of persistent questions remain about Bd's origin and mechanisms of pathogenicity. Here we discuss the promise of genetic and genomic tools for answering these previously intractable questions about the biology and evolutionary history of Bd. Full genomes of 2 Bd strains have recently been sequenced, and Bd research on this species using population genetics, phylogenetics, proteomics, comparative genomics and functional genomics is already underway. We review some of the insights gleaned from the first studies using these genome-scale approaches focusing particularly on Bd's genomic architecture, patterns of global genetic variation, virulence factors and genetic interactions with hosts. Avenues of future research promise to be particularly fruitful and highlight the need for integrative studies that unite genetic, ecological and spatial data in both Bd and its amphibian hosts.
INTRODUCTION
Despite the wealth of information on the distribution and ecology of the amphibian disease chytridiomycosis, little is known about the basic biology of the disease agent Batrachochytrium dendrobatidis (Bd) . Bd is enigmatic in part because it is the first known pathogen of vertebrates from an understudied phylum of Fungi, the Chytridiomycota. Chytridiomycota is among the earliest diverging lineages on the fungal tree of life. Unlike the 'higher' fungi the asexual spores of chytrids, termed zoospores, are motile and possess a single flagellum. Chytrids are ubiquitously distributed in aquatic ecosystems and soils as saprobes and parasites. Although many chytrids specialize on refractory substrates like pollen and keratin, Bd is the first chytrid known to attack living vertebrates.
After almost a decade of study, some of the key questions regarding the evolution and genetics of Bd remain a mystery. Where and when did Bd emerge? Is the symbiosis between amphibians and Bd ancient or a recent host or habitat shift? What factors lead to observed global and local patterns of Bd spread? How does Bd persist outside the host? What is the precise mechanism by which Bd kills its hosts? Why do some frog species and populations persist after Bd introduction while others are decimated? What genes are involved in Bd pathogenicity? Is there a genetic basis to hypothesized strain differences in virulence?
The scientific effort targeted toward answering these questions in Bd has been steadily rising over the last decade ( Fig. 1 ), but not surprisingly for a pathogen of wildlife, most publications are ecological in focus. Relatively few studies of Bd have used molecular approaches, and of these most employed molecular methods only for pathogen detection. PCR and realtime PCR assays were introduced in 2001 (Dastoor et al. 2001 ) and 2004 (Boyle et al. 2004) , respectively, and these diagnostic methods have been adopted fairly widely. However, the use of genetic tools for understanding the evolutionary history of Bd has been surprisingly rare, with only a handful of representative publications available (e.g. Morehouse et al. 2003 , Morgan et al. 2007 , Rosenblum et al. 2008 , Fisher et al. 2009a ).
Challenges are inherent in developing and using genetic tools in non-model systems, particularly for species like Bd that are phylogenetically divergent from genetically well-characterized relatives. However, many of these obstacles have recently been overcome with the completion of 2 separate Bd wholegenome sequencing projects. The Joint Genome Institute and the Broad Institute have completed sequencing, assembly, and annotation for 2 strains of Bd (JAM81 isolated from Rana muscosa in California, USA, and JEL423 isolated from Phyllomedusa lemur in Panama, respectively). These data usher in a new era for Bd studies; researchers now will be able to use genome-enabled molecular tools to address a variety of persistent issues from understanding Bd's origin and spread to identifying genetic mechanisms of pathogenicity.
Here we look at the development of a molecular toolkit for Bd, discuss some of the first genetic and genomic studies and consider future avenues of research that will be made possible by newly developed genetic tools. We focus on insights garnered from population genetics, phylogenetics, proteomics and comparative and functional genomics. Our hope is to draw attention to the merits of genetic tools in understanding disease-related amphibian declines (Fig. 2) .
Bd GENOMIC ACHITECTURE
Sequencing of fungal genomes has escalated in the past 10 yr, and nearly 100 complete genome sequences are available. Yet, few genomes of early diverging fungal lineages, including Chytridiomycota, have been sampled. Fungi are ancient and a rough molecular clock suggests their diversification began as early as 0.4 to 1.9 billion yr ago (Taylor & Berbee 2006) . Understanding the history of early diverging lineages is challenging because of an increase in phylogenetic noise to signal over time. However, the availability of the complete Bd genome will allow us to better understand the phylogenetic placement of Bd, the genetic landscape in Bd, and the evolutionary history of fungi. 
Phylogenetic placement
Systematics of the Chytridiomycota currently relies on ultrastructural characters of the zoospore combined with molecular characters, primarily of ribosomal DNA (e.g. Letcher et al. 2006 , Simmons et al. 2009 ). Based on this approach, Bd is currently assigned to a group of primarily saprobic species, the Rhizophydiales (Letcher et al. 2006) . Most members of the Rhizophydiales develop only endogenously (the nucleus remains in the zoospore cyst and the cyst expands to form the zoosporangium). However, Bd appears to develop endogenously when in pure culture and, presumably, exogenously (the nucleus leaves the zoospore cyst and is conveyed into the substrate by a germ tube) when growing in amphibian skin (Berger et al. 2005) .
Molecular data recently have been employed to assess the phylogenetic position of Bd among the isolates of zoospore-producing fungi now in culture. Data from ribosomal DNA sequences (James et al. 2000 (James et al. , 2006 and protein-encoding DNA sequences (T. Y. James unpubl. data) suggest that Bd is most closely related to 3 saprophytic chytrid isolates (Entophlyctis helioformis [JEL122 and JEL326] and an unidentified isolate [JEL142]). E. helioformis develops exogenously in its natural substrates (algal or plant cells) and in pure culture, suggesting that Bd is not unique in the Rhizophydiales in being able to develop within the cells of its host. Isolate 142 also differs from the majority of the Rhizophydiales in that instead of having a single rhizoidal axis, it has multiple axes. Unfortunately the phylogenetic distance between Bd and the strains most closely related to it is rather large, and numerous extant or extinct taxa have probably diverged along the branch uniting Bd and its most recent common ancestor. The complete genome sequence will provide a wealth of data useful for reconstructing the history of Bd, including a complete inventory of gene sequences necessary to allow more precise phylogenetic placement. A robust phylogenetic hypothesis will also facilitate the use of comparative methods to better understand changes that have occurred along the branch leading to Bd. Additional genomic data for Bd, however, does not alleviate the need for more thorough sampling of species and genes from related chytrid taxa.
Genome size and ploidy
In general, Fungi have compact genomes, typically ranging between ~8 and 60 Mbp (Zolan 1995) , and lack some of the highly repetitive DNA and large introns found in vertebrate genomes. Fungal genomes, instead, tend to have genes with many introns, but these introns are shorter than those in animals and plants (Stajich et al. 2007 ). The percentage of fungal genomes composed of transposable elements ranges from extremely minimal (0.35% in Schizosaccharomyces pombe) to relatively high in some Basidiomycetes (e.g. 21% in Laccaria bicolor, Curran & Bugeja 2005 , Martin & Selosse 2008 . Bd genes are intron rich, similar to Mucorales fungi such as Rhizopus oryzae, supporting the inference that the animalfungal ancestor had complex, intron-rich gene structure (Stajich et al. 2007, J. E. Stajich unpubl. data) .
Most fungi are assumed to be vegetatively haploid with zygote formation and karyogamy followed immediately by meiosis. However, some species are vegetatively diploid (e.g. Armillaria gallica, Saccharomyces cerevisiae and Candida albicans, Ullrich & Anderson 1978 , Mortimer 2000 , Noble & Johnson 2007 , and some members of the Blastocladiomycota have both haploid and diploid vegetative phases. Little is known about ploidy and mating genetics in Chytridiomycota, but the assumption has been that they are vegetatively haploid with zygotic meiosis (Doggett & Porter 1996) . However, genotyping studies in Bd have shown 2 alleles per locus (Morehouse et al. 2003 , Morgan et al. 2007 ) suggesting that Bd is diploid. DNA sequencing of other members of the Chytridiomycota suggests that diploidy may be more prevalent than was previously appreciated in this group (Liu et al. 2006) . The earliest estimate of genome size in Bd was based on pulsed field gel electrophoresis of entire chromosomes. Each strain was estimated to have 14 to 20 chromosomes (Morehouse et al. 2003 ); a precise number could not be determined because of the difficulty in resolving large and similarly sized chromosomes by electrophoresis. Chromosomes varied in size from 0.7 to 6.0 million base pairs (Mb), and the genome size was estimated to be 35 to 40 Mb. Current assemblies of the 2 genomes of Bd reveal a haploid genome assembly size of 23.4 Mb for strain JEL423 and 24.3 Mb for the strain JAM81. Thus, the original estimate of genome size based on pulsed field gel electrophoresis appears to have been close to the estimated diploid size. Ultimately, the pulsed field gels and the genome assembly must be linked by hybridization of genes to separated chromosomes using techniques such as in situ hybridization of probes to chromosome preparations (fiber-FISH) or Southern blotting.
The difference in assembly sizes for the 2 sequenced strains suggest that some homologous chromosomes have different sizes, which is concordant with the identification of several chromosomal length polymorphisms between each of the Bd strains tested (Morehouse et al. 2003) . Chromosomal length polymorphisms in Bd merit further study. It is tempting to speculate whether any genes important for pathogenesis can be found in these chromosomal regions that may be absent or duplicated in specific strains. A more precise estimate of chromosome number for each strain will also determine whether any strains are aneuploid (i.e. lack the full complement of pairs of homologous chromosomes). In other species, such as the human pathogen Candida albicans, aneuploidy of the mating-type chromosome has been linked to reduced virulence (Wu et al. 2007 ).
Mode of reproduction
The mating system of a species plays a crucial role in determining its evolutionary fate. Outcrossing promotes the mixing of allelic combinations between loci and generates high levels of genotypic diversity. In contrast, clonality, or asexual reproduction, allows the rapid amplification of genotypes that have been tested by natural selection without disrupting favorable epistatic interactions. Asexual reproduction also does not require locating a suitable mating partner.
Most fungi have the ability to reproduce asexually by the mitotic production of spores; however, a large portion can also reproduce sexually. One consistent result to emerge from genomic and population investigations in the last decade is that all fungal populations seem to undergo some form of recombination. Further, all fungal genomes have some genes that are involved in sex, even those of species that cannot be mated in the lab or do not exhibit any obvious signs of sex in nature (e.g. fruiting body). Furthermore, there is no convincing evidence of ancient asexual lineages in fungi (Taylor & Berbee 2006) .
The complete genome sequences for Bd will allow us to determine whether the fungus has the typical suite of mating-type genes and meiosis genes that have been observed in other fungi. Currently no identified mating-type locus has been described for a chytrid fungus, but recent work has identified the mating locus in the Zygomycete Phycomyces blakesleeanus through identification of high mobility group (HMG) domain genes and conserved gene order (Idnurm et al. 2008) . Identification of mating and meiotic genes does not provide conclusive proof of actual sexual recombination because these genes' functions may include additional pleiotropic roles that prevent their loss by genetic drift. If genes for mating and meiosis are found in the Bd genome, then additional population genetic and morphological tests are required to identify whether mating does occur. These tests need to distinguish between meiotic and mitotic processes because genes can recombine in the absence of meiosis (Taylor et al. 1999) .
Analyses of multiple microsatellite and single nucleotide polymorphism (SNP) markers support prevailing asexual reproduction in Bd (Morehouse et al. 2003 , Morgan et al. 2007 . Clonality is inferred because many of the loci show significant heterozygote excess inconsistent with Hardy-Weinberg equilibrium (HWE) expectations for sexual reproduction. However, the high level of genotypic diversity and the finding that some loci do show HWE proportions of genotypes creates a paradox. How is genotypic diversity created, and what is the recombination process that is occurring? A recent study of global diversity in Bd attempts to answer this question by surveying 17 polymorphic loci spread throughout the genome ). The availability of the draft genome sequence of Bd allowed the assignment of these 17 loci to actual chromosome-sized fragments of DNA (supercontigs). These data showed that loci in HWE were not spread evenly throughout the genome; the largest supercontig appears to contain dispropor-tionately high numbers of loci in HWE. James et al. (2009) explained this phenomenon as the product of mitotic recombination acting to recombine smaller portions of the genome without the full reassortment expected from meiosis. Mitotic recombination can only effectively reduce heterozygosity, in a manner analogous to gene conversion or selfing; yet, like selfing, mitotic recombination has great potential to increase genotypic diversity and to facilitate the spread of beneficial mutations (Goodwin et al. 1994 , Mandegar & Otto 2007 . A thorough test of the prevalence of mitotic recombination in the life history of Bd would be facilitated by learning the position of centromeres on supercontigs, because heterozygosity is predicted to be inversely correlated with distance to centromere under mitotic recombination (Mandegar & Otto 2007) . Genomic data can now be used to find centromeric regions using ab initio predictions that will allow us to test this model and identify whether the loss of heterozygosity occurs through mitotic recombination or meiotic processes.
Understanding reproduction in Bd reaches beyond the implications of recombination. The question of sexuality also bears on the possible production of a Bd resting spore, a resistant stage capable of enduring extreme conditions such as desiccation and heat. If a resting spore stage occurs in Bd, it may have helped facilitate the intercontinental spread of the disease. In Chytridiomycota, sexual reproduction always leads to the production of a resting spore (although resting spores can also be asexually produced). No evidence of sexual reproduction or resting spore production has been observed in Bd to date, though a possible resistant stage has been reported in the Trasimeno Lake area in central Italy (Di Rosa et al. 2007 ). The occurrence of Bd in regions where seasonal temperatures fall above or below the survival range measured for Bd in the lab (Piotrowski et al. 2004 ) does not necessarily demonstrate a resting stage. Ambient temperatures can be quite different from microhabitat temperatures; however, these observations also illustrate the need for further exploration of the possibility of previously undescribed life-cycle stages.
Fungal genomics
The possibilities for using comparative genomics with the Bd genome are many and nested. At the finest scale, comparisons among the 2 sequenced Bd strains can help identify markers for study of population genetics as well as identify candidate genes associated with strain differences (see 'Global genetic variation' below). At a phylogenetically more inclusive scale, comparisons between Bd and non-Bd chytrid genomes will help determine what genetic changes have occurred along the branch to Bd and contribute to the unique biology of this species. Having genome sequences of additional chytrid fungi will therefore increase the utility of the Bd genome sequences. Efforts to sequence 2 additional zoospore-producing fungi are underway (Spizellomyces [Chytridiomycota] and Allomyces [Blastocladiomycota] , Ruiz-Trillo et al. 2007) . Spizellomyces, although in a different order (Spizellomycetales), will be the closest related fungus to Bd to have a genome sequence; comparisons at this level may help in understanding the Bd genome.
At the broadest scale, the Bd genome can teach us about the evolutionary history of basal fungi and allow us to infer characteristics of the common ancestor of all fungi. Despite being an early diverging lineage of fungi, chytrids share many of the features of more derived fungi such as cell wall structure, indeterminant growth (some species), carbon storage molecules, mitochondrial morphology and genome structure. Thus, comparative genomics can help us to understand the evolution of these fungal traits as well as other developmental and physiological traits that unite the group. For example, cell walls of all fungi contain chitin, but how diverse were the biosynthetic enzymes for construction of cell walls in the ancestral fungus? Interestingly, analysis of the Bd genome has shown the lack of the gene that codes for the enzyme β (1, 3) glucan synthase; this enzyme manufactures a key component of the cell walls of fungi, β (1, 3) glucan. Analysis of the mode of action of the β (1, 3) glucan synthase inhibitor, Bd is highly resistant to the anti-fungal drug, caspofungin, which suggests that the cell-wall of Bd is radically different to that of higher fungi (Fisher et al. 2009a ). Finally, genome sequences from early branches in the fungal phylogeny will also provide insight about the (opisthokont) ancestor of fungi and animals. Some characteristics of chytrid fungi, such as the presence of a flagellated cell type, are shared with the sister metazoan clade and the Bd genome is already being used to make comparisons with genes in other eukaryotic clades (e.g. Parker et al. 2007 ).
GLOBAL GENETIC VARIATION
Bd promises to be an important and compelling model for understanding emergent and rapidly spreading pathogens. Genetic data can provide new insight into the evolutionary history of Bd at multiple spatial scales. In the following sections we discuss insights gleaned from molecular data on the origin and spread of Bd, the distribution of global variation in this pathogen, and local patterns of Bd introduction.
Patterns of global spread
Understanding the origin and spread of Bd is of crucial importance and is reviewed in detail elsewhere in this issue. Here we present a brief summary of competing hypotheses and highlight the contribution of genetic data to understanding the recent evolutionary history of Bd. Two hypotheses compete to account for the emergent nature of chytridiomycosis. The first is the 'novel pathogen hypothesis' (NPH), based on a model of invasive spread into new geographic regions and host species. The second, the 'endemic pathogen hypothesis' (EPH), describes the emergence of chytridiomycosis as a consequence of an altered relationship between Bd and its amphibian hosts due to environmental change (reviewed by Rachowicz et al. 2005 , Fisher & Garner 2007 . The ability to distinguish between the NPH and EPH is key to our understanding of the emergence of chytridiomycosis and developing appropriate conservation strategies.
The balance of ecological and spatiotemporal evidence to date shows that the NPH better describes the emergent epidemiology of Bd and chytridiomycosis; however, molecular tools are likely to provide the core evidence that will allow us to resolve the NPH verses the EPH debate. Importantly, we can generate expectations for the NPH that can be tested with molecular data. First, the earliest record of Bd is from 1938 in South Africa from Xenopus laevis, a species that could serve as a vector through the Xenopus trade (Weldon et al. 2004) . If Bd spread from a center of emergence in South Africa, we would expect that the center of genetic diversity for Bd to be in South Africa, both at the individual and population levels. Second, population-genetic models derived from the expected distributions of genotypes resulting from different dispersal models can be tested by comparison with spatially sampled genotypes. For instance, the genetics of a global population that is derived from an early longdistance dispersal (LDD; leptokurtic or 'fat-tailed') event out of South Africa will be recognizably different from the genetics of populations that are in demographic equilibrium (expected under the EPH). Third, we expect that for frequent international dispersal expected under a NPH model of emergence identical multilocus genotypes (or highly related genotypes) will occur independently of geographical distance, and that Bd dispersal will be correlated with known movements of vectors.
Although existing genetic data do not fully resolve the mechanism of Bd origin and spread, several studies provide data that are more consistent with the NPH. In the first survey of genetic diversity in Bd, Morehouse et al. (2003) sampled 10 regions of the genome by multilocus sequence typing for 35 isolates from 3 continents.
The rate of nucleotide polymorphism was extraordinarily low compared with that in most other fungi and microbes. Only 4 loci were polymorphic, and for each locus only 2 closely related alleles were found among all of the samples. The 35 isolates could not be grouped according to geography or host and some genotypes were widely distributed; isolates from Panama and Australia were completely identical in sequence over 5918 bp. These data provided some support for the NPH over the EPH because low levels of genetic diversity and widespread dispersal of identical genotypes are consistent with a recent bottleneck or range expansion. The study was limited, however, by the lack of diversity in sampled molecular markers, which prevented robust analysis of geographic patterns of genetic diversity and the reconstruction of statistically supported relationships among the samples. Although no particular geographic region had greater genetic diversity (suggestive of a source population), strong phylogeographic inference was impossible because of the extremely low diversity.
Across a finer spatial scale, Morgan et al. (2007) sampled nearly 100 isolates of Bd from 6 populations of the mountain yellow-legged frog complex Rana muscosa and R. sierrae from the Sierra Nevada Mountains, California. These populations of amphibians have been suffering from epidemic chytridiomycosis, which has caused steep population declines (Rachowicz et al. 2006) . The study also included 7 Bd isolates that were acquired from regions other than the Sierra Nevada Mountains, including South Africa and Australia. Multilocus genotypes were ascertained for 15 polymorphic loci, resulting in the discrimination of 24 multilocus genotypes. In the resulting genotype network, isolates from the Sierra Nevada Mountains divided roughly into northern and southern clades. That these Sierran Bd clades were equally closely related to 'international' Bd isolates as they were to each other is evidence against geographical endemism, and is consistent either with introductions of Bd into the Sierra Nevada Mountains at 2 different geographical foci or in situ divergence of Bd isolates within this mountain range.
A study of Bd prevalence and genetic diversity has recently been reported from Japan (Goka et al. 2009 ).
Over 2600 swabbed amphibians were tested for Bd infection using diagnostic PCR of the internal transcribed spacer (ITS) ribosomal RNA region, and positively infected animals were subjected to DNA sequencing. These data suggested that captive and introduced populations of the North American bullfrog Rana catesbeiana had a high infection incidence and possessed the greatest haplotype diversity among hosts. Another species with an apparently high rate of infection incidence, the giant Japanese salamander Andrias japoni-cus, was infected by Bd genotypes that were only recovered from this host. Because only a single marker locus of uncertain copy number was used in this study, these intriguing results suggesting host-specificity of Bd genotypes must be viewed as preliminary until further confirmation with additional genetic data.
In a recent study of 59 Bd isolates from 5 continents, James et al. (2009) generated data for the combined variable markers of Morehouse et al. (2003) and Morgan et al. (2007) . Again, only 2 alleles were found at each of 17 loci despite the increased sampling of isolates. The study included over 30 host species including isolates from Xenopus and North American bullfrogs. Isolates from temperate North America and Europe had a higher overall genetic diversity than did the limited number of isolates from tropical America, Australia and Africa. The presence at 3 of the 17 loci of alleles unique to North America and Europe suggested recent gene flow between these 2 regions. Diversity was higher in bullfrogs than Xenopus, 2 hypothesized vectors of Bd, but again, limited sampling of frogs prevented robust statistical testing of hypotheses related to origin of the disease. Nonetheless, the data strongly supported the NPH because the entire global diversity could be explained by the widespread distribution of a single diploid individual followed by diversification through mitotic recombination, a process with a similar outcome as self-fertilization.
Together, these studies provide persuasive evidence that there has been global dispersal of Bd. Genetic data also suggest that the global populations of Bd probably descended from a small population of genetically 'bottlenecked' ancestors; rarely more than 2 alleles are found at a locus, and the majority of sequences are not polymorphic (Morehouse et al. 2003 , Morgan et al. 2007 ). Direct evidence of bottleneck events is also evident from recent single-strain introductions to previously Bd-free localities (see 'New introductions' section, Walker et al. 2007 ). Additional work is necessary, however, to understand local versus global patterns of Bd genetic diversity. For example, Morgan et al. (2007) observed a high degree of relatedness between genotypes within compared with between sites in the Sierra Nevada Mountains. Furthermore, no genotypes were shared between sites, and most genotypes could be assigned to their correct population with a significance of over 95%. This suggests that Bd may be undergoing local genetic diversification within the Sierra Nevada Mountains. A similar process of host specialization may be occurring in Japan on the giant salamander host Andrias japonicus (Goka et al. 2009) . What is uncertain is the time scale over which such differentiation can occur.
The seeming paradox between local and global patterns of diversity can be resolved by addressing several important questions with additional data. How is it that similar levels of genetic variation can be observed for Bd at the local and global scales? How do we reconcile a model of rapid global spread with the time necessary for Bd to become spatially structured at a local scale? How quickly can genetic differentiation occur for Bd under different demographic scenarios? To answer these questions we need additional studies at nested spatial scales. Studies of genetic variation at local and regional scales will help us understand whether patterns of genetic variation in the Sierra Nevada Mountains and Japan are similar to other regions. Studies at a global scale will be useful to identify the original source population (or populations) and the mechanisms that may be important in vectoring Bd. More highly variable markers are needed for future studies; these markers can now be developed by comparisons between the sequenced strains (see 'New marker development' section below).
New introductions
In addition to understanding global patterns of spread, molecular markers can also be used to identify new introductions. For example, it has been argued that understanding the global trade in amphibians is key to identifying the major routes of spread of Bd, and indeed it is likely that many of the over 26 000 000 individual living amphibians that entered the USA legally during 2000 to 2004 ) were infected (Fisher & Garner 2007 , Picco & Collins 2008 . That Morgan et al. (2007) found that the northern and southern Bd clades overlap in the central Sierra Nevada Mountains, and at sites that are associated with high levels of human movement, is suggestive of a recent anthropogenic spread within the Sierra Nevada mountain range. However, direct evidence of human-mediated movement of Bd has, until recently, been lacking. Surveillance data also show that Bd has probably been introduced recently in Dominica (Garcia et al. 2007 ), the UK (Cunningham et al. 2005) , New Zealand (Bell et al. 2004 ), Hawaii (Beard & O'Neill 2005) , Japan (Une et al. 2008) , Sardinia (Bovero et al. 2008) and Mallorca (Walker et al. 2008) .
The introduction of Bd to Mallorca is a particularly interesting case study. The finding in 2004 of a dead individual of a Mallorcan midwife toad Alytes muletensis in its native habitat, and the subsequent confirmation of its death from chytridiomycosis, raised the spectre of disease introduction into 1 of the 100 most globally endangered amphibian species. Surveillance of the island's breeding sites using PCR showed that the majority of infected individuals were clustered in 2 adjacent sites, one of which had a history of intro-duction of A. muletensis from a zoo captive-breeding program. Isolation and genotyping of Bd from the infected sites showed that isolates were genetically identical. Phylogenetic comparison against a global database of isolates showed that the isolates were unrelated to those that had been recovered from mainland Spain or the UK. Subsequent examination of zoo breeding records showed that captive A. muletensis had unusual mortality in 1989 when animals were cohoused with Xenopus gilli from South Africa; formalinpreserved corpses of both species were determined to be Bd-positive by quantitative PCR and histology. These data are consistent with the hypothesis that cross-contamination of Mallorcan midwife toads by Xenopus, followed by introduction of the infected animals to Mallorca, vectored Bd onto the island. However, significant relatedness between the Mallorcan Bd genotypes and other isolates from South Africa was not observed, suggesting that either sampling of Bd genetic diversity in South Africa is incomplete, or that both species were infected from a third, as yet unidentified, source.
Strain differences
Despite the apparent rapid and global spread of Bd, evidence is accumulating that isolates differ significantly in measurable biological traits that may have an effect on virulence. The first observation of differences between isolates in their biological characteristics were by (Johnson & Speare 2003) , who reported differential survival of 2 Australian isolates of Bd, although this study suffered from lack of statistical replication. Subsequently, 2 additional studies tested for differences in virulence between isolates by inoculating frogs with different Bd isolates (Berger et al. 2005, using Litoria, and Retallick & Miera 2007, using Pseudacris triseriata) . Both studies found that mean time to frog mortality varied by isolate. Together, these studies provide tantalizing evidence that isolates of Bd differ in their virulence; however, these studies did not address whether differences were due to underlying genetic variation between isolates or attenuation of Bd in culture.
In addition to reported differences in virulence, Bd strains differ morphologically. For example, in a recent study, Fisher et al. (2009a) measured several morphological characters for 9 European isolates. The morphology of 5 isolates of Bd from Mallorca, all with the same genotype, differed significantly from isolates recovered from animals in mainland Spain and the UK. Sporangia of all the Mallorcan isolates were significantly smaller when compared with other Bd isolates. Additionally, Fisher et al. (2009a) measured the virulence of a Mallorcan isolate of Bd (TF5a1) and a UK isolate of Bd (UKTvB) in the common toad Bufo bufo and in Alytes muletensis. On average, the Mallorcan strain of Bd manifested less than 50% of the virulence observed in the UK strain of the pathogen.
The observation of differences in morphology and virulence among Bd strains raises 2 questions. First, if Bd has undergone rapid global dispersal, as is suggested by the NPH, then how has such functional and phenotypic diversity been generated in a relatively short period of time? Second, are these data telling us something about the mode and tempo of Bd evolution? One approach to addressing these questions is to ask whether rapid rates of change in lineages could be explained by adaptive divergence via natural selection. Specifically, neutral expectations (measured by the between-population variation in neutral marker loci, Wright 1951) can be compared with estimates of between-population variation in quantitative traits (Spitze 1993 , McKay & Latta 2002 . This logic was used by Fisher et al. (2009a) to show that a morphological character (size of zoosporangia) was diverging faster between isolates than was expected from the amount of divergence observed at the putatively neutral loci. This observation suggests that zoosporangial size may be under directional selection in the 'hypovirulent' Mallorcan isolates. If the observed patterns are due to selection, it may be because of the unique environment of Mallorca; the maximum temperature of frog microhabitats on the infected island populations is 4.7°C higher than the measured growth optima of Bd, and the infected sites are at low altitude (185 m). This high temperature/low altitude landscape may have subjected Bd to a novel selection regime upon introduction to the island. Alternatively, observations could be consistent with a founder effect given the recent introduction to Mallorca (i.e. small zoospores may be a property of the lineage that was introduced to the island without invoking selection). These alternatives require further testing in different ecological settings, for a wider diversity of Bd genotypes and for a greater number of morphological/phenotypic characters.
New marker development
Until now, finding suitable polymorphic loci with which to address questions about population genetics at multiple spatial scales has been an uphill struggle. Population genetics studies of Bd have relied on relatively few genetic markers with exceedingly low levels of genetic variation. The availability of genome sequences for 2 isolates of Bd, however, is a watershed for population genetic studies of chytridiomycosis. Polymorphisms within and between the strains will be easily identifiable from the shotgun sequences. These data will allow the facile discovery of SNPs across the entire genomic landscape. Sampling of hundreds, if not thousands, of SNP loci may be needed to resolve the minor differences among strains. But in the coming years new high-throughput technologies such as highdensity SNP microarrays, chip-based sequence capture methods, and 'next generation' sequencing will provide the data needed to resolve geographic population structure in this pathogen. Besides SNP loci, the complete genome sequences will allow the identification of transposable elements, which have the benefit of being rapidly mobile and thus useful for fingerprinting analysis (e.g. Goodwin et al. 2001) .
Although the genomic sequence data will provide a wealth of important data for population genetics and population genomics, several cautions should be raised. First, relying solely on genotyping particular SNPs identified between JAM81 and JEL423 for future studies of additional strains will introduce a problem of 'ascertainment bias' and 'branch collapse' because only a subset of variable sites will be sampled. Instead, future studies should use the 2 available genomes to identify regions that appear to exhibit appropriate levels of variation. These genomic regions can be sequenced in their entirety in an appropriate 'ascertainment panel' to ensure that variable sites are discovered for the specific geographic scale of inquiry (Rosenblum & Novembre 2007) . Second, the addition of hundreds or thousands of loci to future studies does not negate the paramount need to acquire many more samples of Bd and closely related chytrid species for use in population genetic studies. Currently the global pool of isolates is small, resulting in low and patchy spatial coverage. Additional effort needs to be mounted to sample larger numbers of isolates of Bd from across all scales.
MECHANISMS OF Bd PATHOGENICITY
Identifying mechanisms of pathogenicity and virulence is a critical goal for molecular studies of Bd. Molecular techniques such as microarrays (Hwang et al. 2003 , Nunes et al. 2005 , McDonagh et al. 2008 , differential display (Venancio et al. 2002) , suppressionsubtractive hybridization (Delgado et al. 2004 ) and in vivo expression technology (Retallack et al. 2000) have identified candidate genes for pathogenicity in other fungal pathogens. In a subset of these systems virulence factors have been unambiguously confirmed with gene disruption (Brandhorst et al. 1999 ) and RNA interference (Rappleye et al. 2004) . Bd is not a genetic model system, in that we do not currently have tools for genetic transformation to create gene knock-outs or knock-downs via RNA interference (RNAi). Development of a transformation system to test gene function using gene disruption or knock-down will probably be hindered by Bd's diploidy, the absence of a completely defined growth medium and the translational issues in dealing with a basal fungal species. However, the potential sensitivity of Bd to drugs such as chloramphenicol suggests that the development of a positive selection regime may be possible. Nonetheless, even without the ability to generate knock-outs, we can use powerful comparative and functional genomics tools to identify candidate pathogenicity factors.
Comparative approaches
A diverse range of fungal pathogens from different regions of the fungal tree (e.g. from basal chytrids to highly derived ascomycetes) attack different hosts (e.g. from plants to humans). Therefore, we do not necessarily expect to find common genetic underpinnings to pathogenicity in all fungal pathogens. Comparative genomics approaches to study Bd pathogenicity, however, are likely to be fruitful in several ways.
First, we can compare the Bd genome to those of non-pathogenic fungi to identify genetic differences that could be associated with pathogenicity in Bd. For example, by comparing the Bd genome to whole genomes of all other fully sequenced fungi, several gene family 'expansions' have been identified in Bd (J. E. Stajich unpubl. data). In these expansions, genes found with one or few copies in other fungi have many copies in Bd. For example, expansions have been detected in fungalysin metallopeptidase and serine protease families (Rosenblum et al. 2008) , 2 protein families that have been implicated in pathogenesis in fungi that infect animal hosts (e.g. Huang et al. 2004 , Xu et al. 2006 . Each of these families contains more than 25 members in Bd, raising the possibility that these gene expansions are associated with Bd's ability to degrade animal skin proteins.
Second, we can compare the Bd genome with those of other pathogenic fungi to find evidence for common mechanisms of pathogenicity. Comparisons between Bd and other fungal pathogens that 'make their living' in a similar way are likely to be highly fruitful. For example, the 'dermatophytes' are fungal pathogens that cause cutaneous infections in vertebrates. Comparison of Bd and other dermatophyte genomes, such as those for the Onygenales fungi Coccidioides (valley fever) and Trichophyton (foot fungus) and the dandruff-causing Basidiomycete yeast Malassezia, will be important in order to establish commonalities of disease-causing mechanisms that evolved in similar niches. In particular, it will be important to study the evolution of enzymes that degrade animal proteins like keratin and other molecules that could relate to nutrient acquisition from an animal host. For example, as mentioned above, Bd exhibits a dramatic expansion of a family of fungalysin metallopeptidases. Intriguingly a similar multiplication of fungalysin genes has been observed in the Trichophyton and Microsporum dermatophytes (Jousson et al. 2004) .
Comparative approaches have been used with some success to identify virulence factors in other fungal pathogens. For example, the transcriptome of the human respiratory pathogen Paracoccidioides brasiliensis was mined for virulence factors by searching for DNA sequences similar to those of putative virulence genes of other pathogenic fungi (Tavares et al. 2005 ). This study identified candidate genes in several categories including metabolism, cell wall composition and secreted factors. Similarly, we may be able to leverage studies in other fungal pathogens to identify pathways worthy of further study in Bd. Studies in the human commensal/pathogenic yeast Candida albicans determined that certain covalently linked cell wall proteins may be involved in pathogenicity (de Groot et al. 2004) . Adhesin molecules, which allow pathogens to bind to host cells or extracellular matrix, have been identified for several pathogenic fungi (Brandhorst et al. 1999 , Hung et al. 2002 , Long et al. 2003 , Andreotti et al. 2005 and suggest that analysis of cell surface molecules in Bd may be important to better understand initiation of host -pathogen interactions.
Finally, we can compare genomes for multiple Bd strains to understand genomic patterns of selection. This strategy has been used with other fungal pathogens. For example, comparing 3 isolates of Paracoccidioides brasiliensis, positive selection of putative virulence factors was demonstrated through analysis of genetic variation (Matute et al. 2008) . Similarly positive directional selection was detected on cell wall proline-rich antigen in the human pathogen Coccidioides (Johannesson et al. 2004) . Ongoing work in Bd genomics involves sequencing genomes from multiple Bd strains that differ in virulence to document patterns of variation at putative virulence genes, look for genomic signatures of selection and elucidate the genetic basis of strain differences.
Functional approaches
Functional genomics approaches can also be useful for identifying genetic patterns associated with Bd virulence and pathogenicity. In addition to using the whole Bd genome to study variation at the nucleotide level, we can also employ the Bd genome to study variation at the level of gene expression. Understanding differences in gene regulation or gene expression is particularly important in cases where a single Bd genome may be 'used' in different ways. For example, Rosenblum et al. (2008) looked at differences in gene expression patterns between life stages in Bd (the zoospore stage compared with the sporangial stage). This comparison is biologically relevant because both life stages exhibit unique characteristics that could help elucidate disease process. Although zoospores are host-independent, they do exhibit chemotaxis (Moss et al. 2008) and are important in initiating the disease cycle. Sporangia are of obvious interest because they are embedded in host tissue and generate additional zoospores, thereby contributing to increased pathogen loads and pathogen transmission. Rosenblum et al. (2008) found that zoospores and sporangia exhibit dramatically different expression profiles with more than half of the genes in the Bd genome differing in expression between life stages. They also found that sporangia are transcriptionally and metabolically much more complex than zoospores, consistent with previous experiments that have shown that non-Bd zoospores contain many stored transcripts and do little de novo transcription (Johnson & Lovett 1984) . The study also identified specific genes for further study that may be involved in cell adhesion, flagellar development and pathogenicity. One of the most interesting patterns found was the differential expression of fungalysin metallopeptidases, a gene family discussed previously that exhibits an expansion in Bd and is thought to play a role in keratin degradation by dermatophytes (Jousson et al. 2004 ). Nearly all fungalysins in the Bd genome have higher levels of expression in the sporangia, which makes sense given that this life stage is actually embedded in keratinized frog skin. A single member of the fungalysin family showed higher expression in zoospores and may provide some clues to the initial stages of Bd entry into host cells.
The study of differential expression of Bd genes between life stages is a first pass at describing functional genomic patterns in this species, and much work remains to be done to identify Bd pathogenicity factors and validate their importance. Ongoing research focuses on identifying additional genes associated with Bd pathogenicity and virulence and understanding whether patterns at these genes are functionally important. For example, documenting differential expression of Bd genes under different growth conditions will demonstrate whether some proteases are upregulated when Bd is grown on keratinized amphibian skin (E. B. Rosenblum unpubl. data).
Another application of functional tools is in the quest to understand genetic differences among Bd strains. Here we are interested not in using neutral genetic variation to describe historical patterns of Bd spread but in understanding what genes and proteins differ between strains that vary in morphology or virulence. Discovering candidate genes that are associated with particular phenotypes is particularly challenging; however, genome-scale approaches provide a powerful first step. Using a proteomics approach, Fisher et al. (2009a) found protein-level differences among global Bd strains. In this study, isolates of Bd from Europe, North America and Australia were genotyped by sequencing 5 polymorphic loci; then the proteomic profiles of these isolates were determined from cultured preparations. Comparing the genetic distance between these Bd isolates against the differences in their proteome showed that, as isolates became more genetically dissimilar, they became significantly more different in their protein-expression profiles. Similarly, patterns of variation at the level of the transcriptome vary among strains isolated from different hosts (E. B. Rosenblum unpubl. data). These results suggest that genomic and proteomic fingerprinting methods will be useful for understanding the genetic underpinnings of variation among Bd strains. The next step will be to use these methods in well-designed association studies that endeavor to link genetic patterns to strain virulence as assessed in tightly controlled and replicated laboratory experiments.
FROG-Bd INTERACTIONS
Thus far, we have discussed ways to understand chytridiomycosis through study of the Bd genome. The magnitude of Bd's effect on frog populations, however, suggests that we may learn as much about chytridiomycosis from genetic studies of host populations. Integrating genetic research from both the host and pathogen perspectives promises a more comprehensive understanding of how Bd is killing frogs and what the population level effects of disease introduction are.
Host population genetics
Understanding population, metapopulation and phylogeographic patterns in frog species affected by Bd is critical for several reasons. First, documenting patterns of frog population structure can provide an important backdrop for understanding patterns of Bd spatial distribution. For instance, studies of population structure and species delineations of Rana muscosa and R. sierrae in the Sierra Nevada Mountains of California enabled Morgan et al. (2007) to better interpret patterns of genetic variation observed in Bd and led to their conclusion that distribution patterns of Bd were best explained by human-assisted movement. This approach, analyzing genetic data from selectively 'neutral' markers, has also been used with success in other host -pathogen systems. For example, the phylogeography of the deer mouse Peromyscus maniculatus was investigated to understand geographic variability of the hantaviruses infecting this species, and to predict where new viral strains may emerge (Dragoo et al. 2006) .
Second, 'neutral' markers can also be used to evaluate patterns of frog migration and population connectivity. For example, microsatellite markers have been used in frogs to analyze dispersal patterns (Palo et al. 2004) . Understanding the direction and magnitude of frog migration and dispersal events will help resolve how far frogs are transporting Bd in different systems. These data can also help predict the likely direction and rate of spread in systems that exhibit wave-like Bd invasions .
Third, population genetic data from frog hosts can be used to test for demographic changes over time caused by chytridiomycosis. For example, tests for population bottlenecks can detect genetic signatures of population reductions in species affected by Bd (e.g. reduced genetic diversity, reduced estimates of effective population size). Similarly, reduction of genetic diversity can be correlated with disease-related mortality risk, as shown for Italian agile frogs Rana latastei and Ranavirus (Pearman & Garner 2005) . In systems where samples are available from both before and after Bd introduction robust genetic analyses can recognize decline (and potential recovery) of frog populations. The power of this approach merits long-term planning; priority should be placed on collecting pre-infection samples in systems that are currently free of Bd but are likely to be invaded in the coming years. One such area of high concern is the island of Madagascar where, despite the occurrence of one of the richest amphibian biodiversity hotspots in the world, Bd appears to be absent. The island appears to be, almost uniquely, in a pre-decline phase and is receiving much attention as a priority region with an annual amphibian action plan implementing, amongst other mitigation strategies, quarantine measures (Andreone et al. 2008 , Lotters et al. 2009 ). Such baseline data are likely to prove invaluable in the future when assessing the global trajectory of Bd-infected species and populations.
Host -pathogen coevolution
To date, genetic evidence for host -pathogen coevolution in Bd and associated hosts is lacking. For example, studies on disease progression in heavily infected areas such as eastern Australia show that host traits, such as breeding habitat and production of antimicrobial peptides, are better predictors of susceptibility than host taxonomy (Woodhams et al. 2006 , Kriger & Hero 2007b . However, the possibility of hostpathogen coevolution merits further investigation because predicting host susceptibility is essential for preventing future species extinctions.
In general, several lines of evidence can indicate coevolution between pathogens and their hosts (Woolhouse et al. 2002 , Gomulkiewicz et al. 2007 ). First, a correlation in the spatial patterns of traits affecting host resistance and pathogen success can point to coevolutionary dynamics. Some evidence suggests that Bd strains vary in virulence, and diverse frog species clearly vary in their susceptibility to this pathogen. However, an interaction between host fitness and pathogen fitness has not been demonstrated. That is, we do not know whether virulence of a given Bd genotype depends on host genotype. Second, positive selection or the maintenance of polymorphisms in genes involved in host -parasite interactions may also indicate coevolution. Third, comparison of Bd and host phylogenies can reveal coevolution. Concordance between trees can reveal cospeciation and potentially coevolution, while discordance can signify biologically important host-switching events, as observed for Ranavirus and tiger salamanders (Storfer et al. 2007 ). Phylogenetic concordance may be unlikely between Bd and its hosts, especially across broad taxonomic groups or geographic regions, because Bd infects so many hosts and the evidence is that it has spread far beyond its historic range. However, looking for phylogenetic concordance may be useful in determining where Bd has been ancestrally endemic and on which hosts. Goka et al. (2009) observed some evidence of Bd-host coevolution through the detection of a geographically broad but species-specific clade of Bd genotypes from the Japanese giant salamander. One mechanism that could explain such a pattern is direct amphibian to amphibian transmission, perhaps during mating. Further investigation of these patterns may also be useful in explaining or predicting disparity in Bd strain virulence on different species or populations of hosts.
Host -pathogen disease genetics
In addition to studying putatively neutral markers to understand host population genetics, we can analyze variation in frog genes thought to be important for host response to pathogen infection. Variations at frog loci that may be under selection can be analyzed to draw inferences about Bd as a selective agent and to determine how species differ in response to infection. For example, Tennessen & Blouin (2008) investigated patterns of molecular evolution at the brevinin-1 antimicrobial peptide (AMP) locus in 3 species of Rana and found genetic patterns consistent with balancing selection. Although Tennessen & Blouin (2008) did not associate patterns of allelic diversity with a specific disease agent, similar approaches would be useful in understanding the relationship between frog response to Bd and genes encoding specific immune effector molecules. At least in some systems, AMP-profiles help explain frog species susceptibility to Bd (Woodhams et al. 2006) , suggesting that innate immunity is a key determinant of the outcome of exposure to this pathogen. More work is necessary to determine levels of intra-and interspecific variation in AMPs. Similarly, studying patterns of genetic variation at major histocompatibility complex (MHC) genes could provide insight into whether patterns at other immune function genes are associated with frog resistance or susceptibility (Richmond et al. 2009 ). It would be particularly productive to study the variation in host defense genes in regions with persistent and declining frog populations and species to determine whether genetic variations in host defenses predict the survivors of the initial wave of Bd introduction.
Finally, whole genome studies in frogs can suggest genes that may be important for host -pathogen interaction. For example, Rosenblum et al. (2009) used whole genome assays in the model frog species Xenopus tropicalis to better understand the genetic pathways that are perturbed in frogs that have been exposed to Bd. Those investigators looked at gene expression patterns in multiple tissues at multiple times during infection and found a surprising lack of immune response in the skin, liver, and spleen of infected frogs. In fact, they found decreased expression of many immune function genes in infected frogs compared with uninfected frogs. Whether or not this suggests the potential for evasion or suppression of an immune response by Bd requires further study. Rosenblum et al. (2009) also found strong signatures of physiological disruption in frogs with clinical signs of chytridiomycosis. In the skin of dying frogs Rosenblum et al. (2009) observed genetic signals of disruption of keratin production and repair pathways. Further, the liver showed signatures of chronic stress and disruption of several crucial metabolic and cellular processes (e.g. pathways important for cellular detoxification and blood-gas exchange). These data complement immunological and physiological studies of Bd-infected frogs and can be used to generate hypotheses about the proximate causes of frog mortality. Similar studies in additional frog species are underway to understand the generality of these results.
CONCLUSIONS
Genetic and genomic tools hold great promise for answering many of the persistent questions about the biology and evolution of Bd. We have focused our discussion on ways to leverage Bd genomic sequences to better understand: (1) Bd's genetic architecture and basic biology, (2) its origin, spread and global genetic variation, (3) its genetic mechanisms of pathogenicity and (4) the genetic interaction between Bd and its amphibian hosts. Continued research in each of these areas will be fruitful for years to come.
Although Bd is far from becoming a model species, the 2 complete genomes that are currently available are an important and rare resource for a non-model species. Genomic technology is continually advancing, and the possibilities for genome-scale inquiry for Bd will increase dramatically in the next several years. However, genetic and genomic tools in and of themselves will not unlock all of the remaining mysteries of this species. Integrative ventures are the best way forward, and we highlight 2 examples of how to better situate genetic data for Bd in a spatial and ecological context. These examples represent just a small fraction of the many possible opportunities for future research and collaboration.
Associating diverse types of data: global genotype mapping
It is increasingly clear that chytridiomycosis is the result of complex interactions between Bd, the individual host and environmental modifiers. To address the risk that Bd poses to particular species in particular settings and to make conservation recommendations, epidemiological surveillance needs to incorporate Bd-profiling (Sintchenko et al. 2007) . Profiles should include information on genotype, associated phenotypes, virulence factors and other validated markers. These Bd profiles can be integrated with knowledge about the spatial distribution of Bd genotypes in amphibian populations and can be used to develop effective and integrated disease-management strategies.
At the global scale, we encourage researchers, whenever possible, to contribute to the 'Bd Mapping Project', a major push to understand the extent of Bd infection. So far, the mapping project has identified Bd in 45 out of 78 countries (58% of those surveyed) and 387 amphibian species (Fisher et al. 2009b ), resulting in a rapidly growing database of over 2449 spatial records. These data are being integrated into an online epidemiological mapping tool, www.spatialepidemiology.net/bd-maps, which is a publicly available repository for Bd surveillance data (D. Olson & D. Aanensen unpubl. data). In tandem is a project to associate 'Bd profiles' with the surveillance information. Here, targeted genetic markers for a predetermined set of loci will be used to develop a spatial multilocus sequence typing (MLST; Spratt 1999) scheme for Bd. Comparison of novel genotypes with those held in the database may be determined with Java-based applets such as eBURST (available at: eburst.mlst.net/) to uncover linkages between genotypes. Such analyses can identify the spatial extent of related genotypes, and in doing so, can provide necessary information about the patterns of spread of Bd.
The development of new genetic tools for studying Bd will be a major step forward only if researchers collaborate in compiling a diverse library of isolates from around the world. An effort is underway to catalog global Bd isolates as a resource for future studies. Researchers can obtain protocols in multiple languages for isolating and archiving Bd as well as submit sample information to the repository at: www. bdbank.org/. Following Voyles (2009), we particularly encourage researchers to isolate and cryoarchive Bd. The database tools discussed above will aid in the integration of genetic, morphological, virulence and spatial data.
Studies conducted at a local scale (whether in the field or the lab) can also benefit from integration of diverse types of data. By documenting disease introduction and progression in concert with genotyping Bd strains, a better understanding of spatial patterns of the strains' spread will emerge. Analyzing the risk of Bd establishment to a region depends on identifying the pathways through which disease introduction can occur. Pathways of introduction are often cryptic, such as the import of amphibians from infected areas (Fisher & Garner 2007) and the translocation of water containing viable zoospores or sloughed skin containing living thalli. Bd-genotyping is probably the best approach for identifying 'source' and 'sink' dynamics in the global spread of this pathogen. Documenting the timing of new introductions, assessing rates of Bd spread, and identifying its vectors are all crucial to determining where control measures can be used to stem the further advance of this species.
Getting out of the lab: ecological genomics
Frog-Bd interactions occur in important biotic and abiotic contexts. For example, abiotic factors such as temperature (e.g. Pounds et al. 2006 , Kriger & Hero 2007a , Woodhams et al. 2008 , elevation (Brem & Lips 2008) , and environmental contaminants (Parris & Baud 2004 , Davidson et al. 2007 , Rohr et al. 2008 ) all mediate host -pathogen interactions.
Similarly, biotic interactions, such as competition and predation, may affect the outcome of Bd exposure or may themselves be influenced by Bd infection (Parris & Beaudoin 2004 , Parris & Cornelius 2004 . Other vertebrate members of a community assemblage can also serve as potential Bd vectors or reservoirs , Beard & O'Neill 2005 . Equally important, however, are microbial interactions. Bd is certainly not the only microbial pathogen associated with amphibians. Ranaviruses cause disease in many amphibian species and have been documented concurrently with Bd on several species of zoo-reared frogs (Miller et al. 2008) and in the amphibian trade (Schloegel et al. 2009 ). Opportunistic microbes such as the bacterium Aeromonas hydrophila and the zygomycete fungus Basidiobolus ranarum are often found associated with the skin or gut of amphibians and may exacerbate chytridiomycosis (Rollins-Smith et al. 2002 , Green & Converse 2005 , Miller et al. 2008 . On the other hand, some microbes may actually confer some resistance to Bd. Recent work on 'beneficial bacteria' demonstrates that certain bacteria produce compounds that actually inhibit Bd growth, possibly providing a first barrier to infection (Harris et al. 2006 , Woodhams et al. 2007 , Brucker et al. 2008 . The possibility that key bacterial species (or entire microbial community assemblages) can have such a dramatic effect on this pathogen's ability to colonize frog skin underscores the importance of studying Bd infection in context.
Genetic and genomic approaches alone will not be sufficient to understand Bd-related amphibian declines, particularly if they are used in isolation. It is essential to apply genetic approaches to natural systems and endeavor to understand the frog-Bd interaction in the synergistic abiotic and biotic context in which it occurs. Collaborative efforts integrating ecological and genomic tools, therefore, hold the greatest promise for understanding disease-related amphibian declines. 
